Abstract: Opioids are highly effective analgesics that have a serious potential for adverse drug reactions and for development of addiction and tolerance. Since the use of opioids has escalated in recent years, it is increasingly important to understand biological mechanisms that can increase the probability of opioid-associated adverse events occurring in patient populations. This is emphasized by the current opioid epidemic in the United States where opioid analgesics are frequently abused and misused. It has been established that the effectiveness of opioids is maximized when these drugs readily access opioid receptors in the central nervous system (CNS). Indeed, opioid delivery to the brain is significantly influenced by the blood-brain barrier (BBB). In particular, ATP-binding cassette (ABC) transporters that are endogenously expressed at the BBB are critical determinants of CNS opioid penetration. In this review, we will discuss current knowledge on the transport of opioid analgesic drugs by ABC transporters at the BBB. We will also examine how expression and trafficking of ABC transporters can be modified by pain and/or opioid pharmacotherapy, a novel mechanism that can promote opioid-associated adverse drug events and development of addiction and tolerance.
Introduction
Several currently marketed drugs are known to have pain-relieving properties; however, opioids are the most widely used and the most effective analgesics for moderate to severe pain [1] . Despite their effectiveness as analgesics, opioids are known to cause clinically significant and centrally mediated adverse events including, but not limited to, somnolence, confusion, and respiratory depression. Additionally, these drugs have potential for addiction and for development of tolerance. Despite these clinically significant concerns, overall use of opioids for chronic non-cancer pain has increased in the United States over the past two decades [2] . Furthermore, prescription pain relievers containing opioids are often used for non-medical purposes (i.e., opioid misuse), an established characteristic of the prescription drug abuse problem in the United States [3] [4] [5] . Indeed, overuse, misuse, and abuse of opioids is a considerable public health concern that requires a detailed understanding of biological mechanisms that can exacerbate adverse events associated with these drugs. Such knowledge is critical to inform development of dosing strategies to counteract misuse of analgesics and to produce safer medications that can be used for acute and chronic non-cancer pain.
Optimal pharmacotherapy with opioids requires the ability to achieve effective concentrations in the brain [6] [7] [8] . For example, the ability of codeine to provide measurable pain relief requires efficient brain uptake, which is accomplished by passive diffusion [9, 10] . Central receptor mediation is also a significant component of the analgesic properties of morphine, oxycodone or hydrocodone [11] , which implies that opioids must cross the blood-brain barrier (BBB) and attain effective unbound concentrations in brain tissue. Several BBB mechanisms that determine CNS opioid delivery have been described in the scientific literature [6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Our laboratory has demonstrated the requirement of BBB permeation as a critical determinant of opioid analgesic effectiveness by studying codeine in an in vivo model of acute inflammatory pain [17] . We observed that reduction of codeine brain delivery corresponded to decreased antinociception as measured by paw withdrawal latency from an infrared heat source (i.e., Hargreave's method) [17] . In addition to therapeutic effectiveness, CNS delivery of opioids across the BBB is a critical factor in the onset of centrally mediated adverse events such as respiratory depression as well as development of addiction and tolerance [8] . Therefore, modifications to BBB integrity (i.e., from pain itself or from drugs administered in conjunction with opioids) can contribute to dramatic changes in CNS levels of opioids, cause changes in opioid analgesic effectiveness, and induce clinically significant adverse events.
Here, we review current literature on ATP-binding cassette (ABC) transporters and their involvement in determining CNS delivery of opioids. Indeed, ABC transporters are primary active transporters that are endogenously expressed at the BBB and greatly impede blood-to-brain transport of many currently marketed opioids. ABC transport proteins at the BBB are also highly dynamic as indicated by changes in their functional expression and trafficking induced by pain or by pharmacotherapy, which can have a significant impact on CNS opioid delivery. Therefore, we will discuss how alterations in ABC transporter expression and/or trafficking constitute a biological mechanism for opioid-associated adverse events and for development of addiction and tolerance. Finally, we will provide perspective on how the understanding of changes in ABC transporters at the BBB can lead to development of novel strategies to provide optimal pain relief and treatment of opioid overuse and/or misuse in the United States.
Opioid Analgesic Drugs
The cultivation of the opium poppy (Papaver somniferum) and the production of opium, a brown, gummy paste dried from the milky juice in the seed pods of the plant, has been documented since the early ages of human civilization [22] [23] [24] [25] . Through centuries of scientific inquiry and decades of pharmacological development, opioids have become one of the major classes of drugs used in modern medicine. The opiate family of compounds is comprised of morphine as well as several other naturally-occurring or semi-synthetic compounds that can be used to alleviate pain, such as heroin, codeine, hydrocodone, oxycodone, and oxymorphone [24, 25] . Additionally, there are many synthetic opioids that have been declared illegal due to their abuse potential. These drugs are chemically similar and act on the same molecular targets as the naturally occurring opiates. Fentanyl, meperidine, methadone, and loperamide are among the small fraction of synthetic opioids that have been approved by the FDA and are frequently prescribed for medicinal use [22] [23] [24] [25] . Indeed, opioids are the most widely used and the most effective analgesics for management of moderate to severe pain [1, [26] [27] [28] . Use of opioid analgesics has dramatically increased, as evidenced by a 149% increase in overall opioid prescriptions in the United States from 1997-2007 [26] . Furthermore, Bedson and colleagues reported that, between 2002 and 2013, prescription of "controlled" opioids (i.e., hydrocodone, morphine. oxycodone) increased from 3.5% to 22.6% in a study of patients suffering from chronic musculoskeletal pain [28] . In this same study, it was also observed that over 95% of initial opioid prescriptions included "noncontrolled" opioids such as codeine [28] . Opioids are unique in that they exert their analgesic effect by binding to at least one of three specific pharmacological receptors (i.e., µ-, κ-and δ-opioid receptors) that are localized to neural tissue both within the CNS and in the periphery [29] . The role of these opioid receptors in mediating analgesia as well as opioid-associated reward behaviors and withdrawal symptoms has been extensively demonstrated using genetic knockout models. For example, mice lacking the µ-opioid receptor show no overt behavioral abnormalities or compensatory changes in the opioid system; however, these animals do not experience analgesia, place-preference activity, or physical dependence when administered morphine [30] . Although opioids can exert an analgesic effect by binding to peripheral opioid receptors [31] , optimal pharmacotherapy with these drugs requires the ability to access CNS opioid receptors [6, 7] . Opioid receptors are G-protein coupled receptors and, therefore, have profound effects on ion gating, intracellular calcium concentrations, and protein phosphorylation [32] . Since there are multiple opioid receptor subtypes, the possibility exists for opioids to exert variable pharmacological effects at different receptors exists. For example, morphine is a full agonist at the µ-opioid receptor but a weak agonist at both the κ-and δ-receptors. In contrast, codeine is a weak agonist at both the µ-and δ-receptors [33, 34] .
Opioid analgesics have multiple actions in the CNS, not all of which are beneficial. They are known to cause euphoria that, in part, accounts for their abuse potential. Pharmacotherapy with opioids is associated with several adverse events including, but not limited to, somnolence, confusion, respiratory depression and rapid development of tolerance [35] . Indeed, activation of opioid receptors in the brainstem can disrupt respiratory rhythm and cause diminished breathing [36, 37] . The role of opioid receptors in controlling respiration is further demonstrated by the fact that direct antagonism of opioid receptors with specific antagonists (i.e., naloxone, naltrexone) can restore respiratory drive in individuals exposed to high doses of opioids [37] . With respect to tolerance, the precise mechanism underlying desensitization of opioid receptors is unknown; however, development of tolerance may involve increased neuronal activity of various protein kinase C isoforms [38, 39] . Such adverse opioid effects may limit the opioid dose that can be administered as well as the level of analgesia that can be achieved. Additionally, these adverse events are enhanced by opioid-induced glial activation, which is mediated by the Toll-like receptor (TLR)-4 at the glial cell surface [40] . Activation of glial TLR4 receptors is involved in pathogenesis of neuropathic pain and directly counteracts opioid analgesic efficacy [40] . Although opioid-mediated activation of glial TLR4 signaling can be blocked by co-administration of (+)-naloxone or (+)-naltrexone [41] , it remains critical that opioid concentrations in the brain be maintained precisely to ensure efficacious management of pain and limit adverse drug events. This therapeutic objective emphasizes the importance of understanding biological mechanisms at the BBB that are involved in determining CNS delivery of opioid analgesics.
The Blood-Brain Barrier (BBB)
The CNS is the most critical and sensitive organ system in the human body. Proper neuronal and glial function requires precise regulation of the brain extracellular milieu. Therefore, the interface between the CNS and the systemic circulation must be highly selective and must possess effective mechanisms that facilitate nutrient transport, exactly regulate ion balance, and provide a barrier to potentially toxic substances that may be present in the systemic circulation. The BBB performs this integral role by acting as a physical and biochemical barrier between the brain and the systemic circulation. The "physical" barrier properties of the brain microvasculature are conferred by tight junctions that seal the paracellular spaces between adjacent endothelial cells. These tight junctions are comprised of multiprotein complexes of transmembrane proteins (i.e., claudins, occludin, junctional adhesion molecules) that are linked to the actin cytoskeleton by intracellular accessory proteins (i.e., zonulae occludens) [42, 43] . The presence of tight junctions requires circulating substances to access the brain via passive transcellular diffusion or to utilize a transport mechanism (i.e., transport proteins or endocytotic processes) for delivery into the brain extracellular milieu. Transporters are critical components of the "biochemical" barrier characteristics of brain microvascular endothelial cells. A plethora of uptake and efflux transport proteins are endogenously expressed at the BBB and allow for selective delivery of solutes into brain parenchyma. For detailed information on the physiology of the BBB, the reader is directed to recent publications from our laboratory [43] [44] [45] . In general, small (<400 Da), uncharged, lipid-soluble (ClogP ≥ 2.5) compounds with low hydrogen bonding capability (N + O ≤ 5) and minimal affinity for an efflux transport system can easily enter the brain by passive nonionic diffusion. In contrast, CNS uptake of larger, water-soluble, and/or ionic substances is less likely to occur by passive processes. For many compounds, brain penetration is governed by endogenously expressed transport proteins. Many transport proteins that have been shown to be involved in influx and/or efflux of opioid analgesics and/or opioid peptides (i.e., ATP-binding cassette (ABC) transporters, solute carrier (SLC) transporters) have been shown to be selectively expressed at the BBB endothelium [44, 46] . Here, we will focus on ABC transporters and their critical role in controlling CNS opioid delivery. Localization of specific ABC transporters known to be determinants of CNS delivery of opioids at the brain microvascular endothelium is depicted in Figure 1 . The substrate and/or inhibitor characteristics of opioid analgesics and/or experimental opioid analgesic peptides for various ABC transporters are presented in Table 1 . brain penetration is governed by endogenously expressed transport proteins. Many transport proteins that have been shown to be involved in influx and/or efflux of opioid analgesics and/or opioid peptides (i.e., ATP-binding cassette (ABC) transporters, solute carrier (SLC) transporters) have been shown to be selectively expressed at the BBB endothelium [44, 46] . Here, we will focus on ABC transporters and their critical role in controlling CNS opioid delivery. Localization of specific ABC transporters known to be determinants of CNS delivery of opioids at the brain microvascular endothelium is depicted in Figure 1 . The substrate and/or inhibitor characteristics of opioid analgesics and/or experimental opioid analgesic peptides for various ABC transporters are presented in Table 1 . 
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ABC Transporters and Opioid Transport at the Blood-Brain Barrier
The ABC superfamily is among the largest and most ubiquitously expressed transporter protein families described to date. ABC transporters directly utilize biological energy generated from ATP hydrolysis to translocate opioids and their metabolites against their concentration gradient (i.e., primary active transport). In humans, 48 ABC genes have been identified and classified according to seven subfamilies [47] [48] [49] . ABC drug transporters, specifically, P-glycoprotein (P-gp), Multidrug Resistance Proteins (MRPs in humans; Mrps in rodents), and breast cancer resistance protein (BCRP in humans; Bcrp in rodents; also known as ABCG2) are known to be involved in cellular extrusion of therapeutic agents and thus constitute a considerable barrier to effective opioid delivery to the brain. In general, P-gp transports cationic or basic and neutral compounds, whereas MRPs/Mrps are involved in cellular efflux of anionic drugs as well as their glucuronidated, sulfated, and glutathione-conjugated metabolites [44, 46] . BCRP/Bcrp has considerable overlap in substrate specificity profile with P-gp and recognizes a vast array of sulfoconjugated organic anions, hydrophobic, and amphiphilic compounds [50] . In fact, BCRP/Bcrp has been shown to function in a synergistic manner with P-gp to limit brain permeation of drugs [51] [52] [53] [54] [55] .
Perhaps the most critical efflux transport protein for opioids that is expressed at the brain microvascular endothelium is Permeability-glycoprotein (i.e., P-gp). P-gp is a 170 kDa ATP-dependent integral membrane protein that was originally identified in colchicine-resistant Chinese Hamster Ovary (CHO) cells [56] . It was designated as "P-gp" because of its inherent ability to affect permeability of biological membranes to circulating solutes that may potentially be toxic [56] . P-gp orthologues from different species have greater than 70% sequence identity [57] and are encoded by the multidrug resistance (MDR) gene. There are two isoforms of the MDR gene in humans, designated MDR1 and MDR2 while there are three isoforms in both mice and rats (i.e., mdr1a, mdr1b, mdr2). MDR2 and mdr2 gene products are exclusively involved in transport of phosphatidylcholine in the liver. In contrast, human MDR1 and rodent mdr1a/mdr1b are involved in transport of drugs in several tissues including the BBB. P-gp transport susceptibility for currently marketed opioids is variable. Indeed, several opioid analgesic drugs (i.e., morphine, methadone, buprenorphine, fentanyl, loperamide) and associated metabolites (i.e., morphine-6-glucuronide) have been identified as P-gp transport substrates [12, 13, 15, 18, 20, [58] [59] [60] [61] [62] [63] [64] [65] . In contrast, other currently marketed opioids (i.e., codeine, hydrocodone, oxycodone) are not effectively transported by P-gp [64] [65] [66] [67] [68] [69] .
The MRP/Mrp family belongs to the ABC subfamily C (ABCC) group of proteins. At present, nine MRPs have been identified in human tissues that are capable of mediating transport of drugs [70] . Many of the functionally characterized MRP isoforms that are known to be involved in drug transport have been localized to the mammalian BBB. These include MRP1/Mrp1, MRP2/Mrp2, MRP4/Mrp4, Mrp5 and Mrp6 [70] [71] [72] [73] [74] [75] [76] [77] . MRP3 has been detected at the mRNA level in cultured human brain endothelial cells [78] ; however, its protein expression has only been observed at the brain microvasculature in glioma tissue isolated from cancer patients that also had a diagnosis of epilepsy [79] . Knockdown of Mrp1 by antisense technology in male Sprague-Dawley rats resulted in significant changes to morphine antinociception [80] . Similar results were obtained in Mrp(−/−) mice, which suggests that morphine may be an Mrp1 transport substrate [80] . These observations are particularly compelling in that decreased expression of an ABC efflux transporter caused a reduction in the pain-relieving properties of morphine. This effect may be explained by the proposed BBB localization of Mrp1, which is believed to be expressed at the basolateral plasma membrane on microvascular endothelial cells [76, 81] . The ability of some MRP isoforms to transport glucuronidated metabolites may also have considerable consequences for opioid-mediated analgesia. Previous studies in rat hepatocytes [82] and in an in vivo cholestasis model [83] have reported involvement of MRP2 and MRP3 in the efflux of morphine-3-glucuronide. Although morphine-3-glucuronide is known to have minimal agonist activity at opioid receptors [84] , it may act as an antagonist to analgesic effects induced by morphine and its active metabolite morphine-6-glucuronide [85] . Therefore, MRP-mediated efflux of morphine-3-glucuronide may be a limiting factor in pharmacological activity of this metabolite.
A third ABC superfamily member that may be involved in drug efflux is BCRP/Bcrp. Several studies have demonstrated localization of BCRP/Bcrp at the BBB, particularly at the luminal plasma membrane of brain microvascular endothelial cells [86] [87] [88] [89] [90] . Opioids such as buprenorphine and norbuprenophine have been shown to interact with BCRP at the BBB as inhibitors of drug transport [91] . Further studies are necessary to clarify the functional significance of this transporter at the BBB including the role of BCRP in CNS delivery of opioids.
Opioids Modulate ABC Transporter Functional Expression at the BBB
Current knowledge in pain pharmacotherapy emphasizes that opioid analgesic drugs can modulate expression of ABC transporters at the BBB. Such effects are important considerations in patients that suffer from non-cancer pain and are prescribed opioids on a chronic basis. Indeed, increased expression and/or activity of efflux transporters by opioids can reduce CNS concentrations and therapeutic effectiveness for these drugs. For example, Yousif and colleagues observed that chronic morphine treatment caused a modest increase in P-gp expression in large cerebral blood vessels isolated from rats [14] . Additionally, P-gp and Bcrp protein levels were shown to be increased 1.5-fold at the BBB in rats subjected to a subchronic morphine treatment paradigm (i.e., 10-40 mg/kg morphine i.p., administered twice daily) [92] . The induction of these ABC transporters was shown to be regulated by an NMDA receptor/cyclo-oxygenase-2 signaling mechanism [92] . P-gp and Bcrp mRNA levels in brain microvessels were also increased in animals subjected to naloxone-precipitated morphine withdrawal [19] . Interestingly, continuous intravenous morphine infusion over a 5-day period had no effect on mRNA levels for P-gp or Bcrp [19] . Similarly, oxycodone has also been shown to increase P-gp functional expression at the BBB, an effect that reduced CNS distribution of P-gp substrate drugs [93] . Taken together, these results indicate that tolerance resulting from chronic exposure to opioids can occur due to enhanced expression of ABC transporters at the BBB, a mechanism that reduces CNS exposure to these drugs. A serious concern is that these observations indicate that patients would require increased/escalating doses of the transporter substrate opioid to overcome the increase in ABC efflux transporter expression at the BBB.
In addition to opioids, ABC transporters at the BBB are modulated by drugs that are commonly administered concurrently with opioids for management of pain. Such effects are mediated by nuclear receptors, ligand-activated transcription factors that are known to be activated by a broad spectrum of xenobiotics [94] . Some of these receptors, specifically, pregnane-X-receptor (PXR) and constitutive androstane receptor (CAR), are known to be expressed by brain microvascular endothelial cells and are implicated in the regulation of ABC transporters (Figure 2) [18, 60, [95] [96] [97] [98] [99] .
The pharmacological impact of PXR-mediated up-regulation of P-gp was demonstrated in a human PXR transgenic mouse model where PXR activation of two specific ligands (i.e., rifampin, hyperforin) reduced CNS uptake of methadone, an established P-gp substrate [60] . Microdialysis studies using male CD-1 mice showed that dexamethasone treatment (5 mg/kg/day for 3 days) resulted in increased brain capillary expression of P-gp and reduced concentrations of the P-gp substrate quinidine in brain extracellular fluid [99] . Furthermore, studies in isolated mouse and rat capillaries showed increased expression and activity of P-gp, Mrp2, and Bcrp when tissues were exposed to 1,4-bis-[2-(3,5-dichloropyridyloxy]benzene (TCPOBOP, a mouse-specific CAR agonist) and phenobarbital (i.e., a rat specific CAR agonist) respectively [98] . These data suggest that PXR/CAR activation may alter the BBB efflux of opioid analgesics by altering functional expression of ABC transporters. specific CAR agonist) respectively [98] . These data suggest that PXR/CAR activation may alter the BBB efflux of opioid analgesics by altering functional expression of ABC transporters. At the blood-brain barrier, nuclear receptors can be activated by drugs used in the management of pain (i.e., dexamethasone, acetaminophen (APAP)). Once the ligand has bound to the nuclear receptor (NR), heat shock proteins (Hsp) dissociate and the NR is dephosphorylated by a protein phosphatase (PP). This process enables the NR to translocate to the nucleus and bind to its response element (NR-REM) on a target gene. This results in increased expression of ABC transporters such as P-glycoprotein (Pgp) at the endothelial plasma membrane, a mechanism that leads to reduced CNS accumulation of opioids that are transporter substrates.
It has also been estimated that uncontrolled activation of nuclear receptors may account for up to 60% of drug-drug interactions [100] . Many drugs included in pain management regimens, particularly anti-inflammatory drugs, have been reported to interact with PXR and/or CAR in both in vitro and in vivo model systems. For example, dexamethasone, an anti-inflammatory glucocorticoid and established PXR activator [101] is often used in the management of pain conditions [102, 103] . Dexamethasone has also been shown to reduce antinociceptive effects of opioids such as morphine and β-endorphin [104, 105] ; however, these studies did not determine if reduced analgesic effects in animals administered dexamethasone involved changes in CNS opioid concentrations. Acetaminophen (APAP) is also commonly prescribed for management of non-cancer pain and is a known CAR activator [18, 106] . Our laboratory has demonstrated that APAP (i.e., N-acetyl-p-aminophenol, paracetamol) increased functional expression of P-gp at the BBB via a CAR-dependent mechanism [18] . This mechanism results in reduced blood-to-brain transport of morphine and reduced analgesic effectiveness of morphine [18] . Taken together, these data suggest that inclusion of anti-inflammatory drugs and/or APAP in pain-treatment regimens can modulate ABC transporters that determine CNS delivery of opioids. Indeed, many patients who are prescribed combination products containing APAP and an opioid for management of moderate to severe non-cancer pain also consume APAP in excess of the At the blood-brain barrier, nuclear receptors can be activated by drugs used in the management of pain (i.e., dexamethasone, acetaminophen (APAP)). Once the ligand has bound to the nuclear receptor (NR), heat shock proteins (Hsp) dissociate and the NR is dephosphorylated by a protein phosphatase (PP). This process enables the NR to translocate to the nucleus and bind to its response element (NR-REM) on a target gene. This results in increased expression of ABC transporters such as P-glycoprotein (P-gp) at the endothelial plasma membrane, a mechanism that leads to reduced CNS accumulation of opioids that are transporter substrates.
It has also been estimated that uncontrolled activation of nuclear receptors may account for up to 60% of drug-drug interactions [100] . Many drugs included in pain management regimens, particularly anti-inflammatory drugs, have been reported to interact with PXR and/or CAR in both in vitro and in vivo model systems. For example, dexamethasone, an anti-inflammatory glucocorticoid and established PXR activator [101] is often used in the management of pain conditions [102, 103] . Dexamethasone has also been shown to reduce antinociceptive effects of opioids such as morphine and β-endorphin [104, 105] ; however, these studies did not determine if reduced analgesic effects in animals administered dexamethasone involved changes in CNS opioid concentrations. Acetaminophen (APAP) is also commonly prescribed for management of non-cancer pain and is a known CAR activator [18, 106] . Our laboratory has demonstrated that APAP (i.e., N-acetyl-p-aminophenol, paracetamol) increased functional expression of P-gp at the BBB via a CAR-dependent mechanism [18] . This mechanism results in reduced blood-to-brain transport of morphine and reduced analgesic effectiveness of morphine [18] . Taken together, these data suggest that inclusion of anti-inflammatory drugs and/or APAP in pain-treatment regimens can modulate ABC transporters that determine CNS delivery of opioids. Indeed, many patients who are prescribed combination products containing APAP and an opioid for management of moderate to severe non-cancer pain also consume APAP in excess of the maximum daily limit of 4000 mg/day [107] . This is particularly relevant to women because they are more likely to be prescribed prescription pain relievers for treatment of chronic non-cancer pain, to be given higher doses, and to use them for longer periods of time than men [108, 109] . Furthermore, there is a disproportionate increase in the misuse of APAP-containing combination opioid products [110] . Such individuals take large doses of APAP, either by itself or in a combination product, in order to achieve euphoria; however, this approach also renders adverse drug events such as respiratory depression more likely. Therefore, activation of nuclear receptors by drugs such as APAP may facilitate clinically significant drug-drug interactions leading to modified opioid analgesia and/or increase the probability of adverse drug events associated with opioid pharmacotherapy.
Pain Modulates ABC Transporter Expression and Trafficking at the BBB
In addition to pharmacological stimuli, pathophysiological stimuli are well-known to alter the expression of ABC transport proteins at the BBB. Indeed, such effects have been described for P-gp in the context of HIV-1 infection [111] [112] [113] , inflammation [114, 115] , and epilepsy [116] . Additionally, peripheral inflammatory pain (PIP) is known to modulate ABC transporter functional expression at the BBB. PIP is characterized by release of inflammatory mediators (i.e., TNF-α, IL-1β, IL-6) into the systemic circulation at the site of tissue injury. Cytokines are known to contribute to transduction of acute pain signals by direct activity at nociceptors and via stimulation of prostaglandin release. These nociceptive inputs are then conveyed to the brain through neuronal signaling via the spinal cord. Our laboratory has shown increased protein expression and activity of P-gp at the BBB in rats subjected to λ-carrageenan-induced inflammatory pain (CIP) [12, 20, 117] . This increase in brain microvascular P-gp expression following CIP corresponded to a decrease in brain uptake of morphine [12] . Kinetically, this decrease in morphine uptake resulted in a 36% decrease in the apparent brain volume of distribution and a 50% increase in the efflux coefficient (k out ), which reflects a reduction in the amount of morphine that was able to access the brain [12] . This study also showed a reduction in morphine antinociception, an effect that illustrates the critical importance of P-gp in controlling brain opioid uptake and, subsequently, opioid analgesic effectiveness. Furthermore, our results are consistent with the previous work of Hamabe and colleagues who showed that the level of morphine analgesia was inversely proportional to P-gp expression at the BBB [6] . Our studies on morphine antinociception differ from previous work by Ossipov and colleagues that showed increased morphine analgesia following peripheral inflammatory pain [118] . This discrepancy can be explained by sex differences since we used female Sprague-Dawley rats and the study by Ossipov and colleagues utilized male rats. Androgens have been shown to repress transporters including P-gp [119] . This implies that the level of morphine analgesia observed in the Ossipov study may have occurred as a result of a greatly diminished P-gp effect. Nonetheless, the results of all studies with morphine clearly demonstrate that BBB transport mechanisms are critical in determining opioid brain uptake analgesic efficacy.
The complexity of P-gp-mediated transport regulation at the BBB in pain is emphasized by knowledge that pain triggers increased P-gp trafficking from the endothelial cell nucleus to the plasma membrane [21, 120, 121] . Using our detergent-free subcellular fractionation method [109] , we demonstrated that P-gp traffics from the nucleus and increases P-gp protein expression and activity at the plasma membrane in response to the CIP stimulus (Figure 3 ) [120] . Furthermore, these observations suggest that the endothelial cell nucleus acts as a storage pool of P-gp protein that can be rapidly mobilized to the plasma membrane [120] . This is consistent with previous immunogold immunocytochemistry studies that demonstrated P-gp localization at the nuclear envelope in microvascular endothelial cells in human and rat brain [122] . The trafficking mechanism that has been identified and characterized by our group involves phosphorylation of caveolin-1, which is the primary signal that causes enhanced recruitment of P-gp to the plasma membrane in response to acute inflammatory pain [121] . This highly significant finding is supported by our previous work, which demonstrates that P-gp colocalizes with caveolar proteins (i.e., caveolin-1, cavin-1, and cavin-2) in membrane fractions derived from intact brain microvessels [123] . It is important to note that these trafficking events were observed after 3 h CIP, a time point where de novo synthesis of P-gp is unlikely. Of particular importance, P-gp trafficking was enhanced 2.2-fold in female Sprague-Dawley rats that were exposed to morphine for 6 days [21] . The rapid relocalization of P-gp from nuclear storage sites to the plasma membrane in pain or following chronic morphine administration implicates the BBB as a critical site involved in development of opioid tolerance. Indeed, we have shown that increased P-gp expression at the microvascular surface leads to reduced morphine efficacy [12, 21] . Therefore, sustained efficacy of morphine (or any other opioid that is also an established P-gp substrate) would require dosage escalations to overcome increased microvascular expression and/or activity that results from P-gp trafficking to the endothelial plasma membrane from nuclear storage pools. Indeed, this process constitutes a "feedback loop" where individuals must consume larger and larger quantities of opioids in order to achieve a desired pharmacological effect. Clearly, P-gp trafficking is an emerging mechanism that must be considered to explain the rapid escalation of opioid abuse and/or misuse in individuals with or without pain. expression and/or activity that results from P-gp trafficking to the endothelial plasma membrane from nuclear storage pools. Indeed, this process constitutes a "feedback loop" where individuals must consume larger and larger quantities of opioids in order to achieve a desired pharmacological effect. Clearly, P-gp trafficking is an emerging mechanism that must be considered to explain the rapid escalation of opioid abuse and/or misuse in individuals with or without pain. Our laboratory has shown caveolin-dependent trafficking of P-glycoprotein (Pgp) from nuclear storage pools to the plasma membrane in the setting of acute inflammatory pain. The events involved in this process are 1. Phosphorylation of caveolin-1, the primary signal triggering recruitment of P-gp to the plasma membrane; 2. Vesicular trafficking of P-gp; and 3. Insertion of P-gp into plasma membrane domains where the transporter is active and able to participate in efflux of substrate drugs such as opioids.
As noted above, there are several currently marketed opioids that are not substrates for P-gp (i.e., codeine, hydrocodone, oxycodone). This is not to imply that these drugs should be used as alternatives to P-gp substrate opioids in order to limit the potential for opioid-associated adverse events or development of tolerance to opioids. Rather, current knowledge in the BBB field indicates that the physical barrier properties of the brain microvasculature (i.e., protein tight junctions) are altered in response to acute or chronic pain. In particular, our group has shown that CIP promotes measureable modifications to BBB tight junction integrity characterized by dynamic changes in expression and/or trafficking of tight junction proteins (i.e., claudin-5, occludin) and increased paracellular diffusion of solutes present in the circulation [10, 17, [124] [125] [126] . These observations are clinically relevant because they can lead to increased brain uptake of opioids such as codeine [10, 17] . Loss of BBB integrity demarcated by changes in claudin-5 and/or occludin has also been reported in pain models incorporating chronic spinal nerve ligation [127] and peripheral nerve injury [128] , suggesting the BBB changes in experimental in vivo models of pain are not "model-specific" but are critical events involved in the pathophysiological response to pain. Indeed, such molecular changes Our laboratory has shown caveolin-dependent trafficking of P-glycoprotein (P-gp) from nuclear storage pools to the plasma membrane in the setting of acute inflammatory pain. The events involved in this process are 1. Phosphorylation of caveolin-1, the primary signal triggering recruitment of P-gp to the plasma membrane; 2. Vesicular trafficking of P-gp; and 3. Insertion of P-gp into plasma membrane domains where the transporter is active and able to participate in efflux of substrate drugs such as opioids.
As noted above, there are several currently marketed opioids that are not substrates for P-gp (i.e., codeine, hydrocodone, oxycodone). This is not to imply that these drugs should be used as alternatives to P-gp substrate opioids in order to limit the potential for opioid-associated adverse events or development of tolerance to opioids. Rather, current knowledge in the BBB field indicates that the physical barrier properties of the brain microvasculature (i.e., protein tight junctions) are altered in response to acute or chronic pain. In particular, our group has shown that CIP promotes measureable modifications to BBB tight junction integrity characterized by dynamic changes in expression and/or trafficking of tight junction proteins (i.e., claudin-5, occludin) and increased paracellular diffusion of solutes present in the circulation [10, 17, [124] [125] [126] . These observations are clinically relevant because they can lead to increased brain uptake of opioids such as codeine [10, 17] . Loss of BBB integrity demarcated by changes in claudin-5 and/or occludin has also been reported in pain models incorporating chronic spinal nerve ligation [127] and peripheral nerve injury [128] , suggesting the BBB changes in experimental in vivo models of pain are not "model-specific" but are critical events involved in the pathophysiological response to pain. Indeed, such molecular changes in the setting of pain can lead to altered CNS drug delivery, opioid effectiveness, and occurrence of opioid-associated adverse events such as respiratory depression and development of tolerance. It is important to point out that brain uptake of P-gp substrate opioids are likely to be more susceptible to P-gp changes and less affected by increased paracellular "leak". This is supported by our work with morphine, where we reported reduced CNS uptake of this commonly prescribed opioid in animals subjected to CIP [12] . This observation was obtained even though tight junction proteins also change in this in vivo pain model [124, 126, 129] , an effect that can increase paracellular diffusion of non-P-gp substrate drugs such as codeine [10] .
Modulation of ABC Transporter Expression in Other CNS Diseases
In addition to their use in the treatment of acute and chronic pain, opioids have been shown to be effective drugs for other CNS disorders. For example, opioids have potential to be efficacious neuroprotectants [130] [131] [132] [133] , which renders them compelling therapeutics for diseases such as ischemic stroke and traumatic brain injury (TBI). Indeed, preclinical studies in rodent models of experimental ischemic stroke (i.e., middle cerebral artery occlusion (MCAO)) have shown that biphalin, a non-selective opioid agonist, can reduce the cerebral infarction area and the brain edema ratio [134] [135] [136] . Additionally, biphalin was shown to improve neuroscore measurements and locomotor performance 24 h after onset of MCAO, which indicates that this opioid can promote improvement in functional outcomes following experimental ischemic stroke [136] . The direct involvement of opioid receptors in neuroprotection was demonstrated by the observation that the opioid receptor antagonist naltrexone attenuated effects of biphalin on infarction area and edema ratios [136] . Neuroprotective effects in experimental ischemic stroke have been reported for other opioids including the delta opioid receptor agonist D-Ala2-D-Leu2-Enkephalin (DADLE) [137] and the novel multifunctional encephalin-fentanyl opioid agonist LYS739 [138] . The ability of opioids to confer neuroprotection has also been observed in the setting of TBI. For example, a single morphine dose protected against cognitive impairment in mice subjected to mild closed-skull TBI [139] . In this same model, biphalin was also shown to improve performance in the Morris Water Maze and Novel Object Recognition tests, suggesting that this commonly prescribed opioid may also be an effective neuroprotectant [140] . Interestingly, morphine administration did not result in any improvement in motor performance following experimental TBI in adult male rats [141] .
The knowledge that opioids may be therapeutic utility as neuroprotectants implies a critical need to understand ABC transporter changes in CNS diseases including ischemic stroke and traumatic brain injury. Such knowledge will facilitate development of opioid-based neuroprotective strategies that can provide optimal therapeutic benefit while also being administered in a safe manner that limits adverse events. Most of the preclinical studies on ABC transporter expression at the BBB is ischemic stroke or TBI have focused on P-gp. Indeed, increased P-gp expression has been reported in cultured rat brain microvessel endothelial cells following oxygen/glucose deprivation (i.e., an in vitro model of ischemia) [142] and at the BBB in experimental animals subjected to MCAO [143] [144] [145] [146] . Interestingly, P-gp protein expression was primarily increased at the luminal membrane of brain microvascular endothelial cells; however, there was no significant change in Mdr mRNA levels, which may imply P-gp trafficking to the plasma membrane post-stroke [143] . Additionally, real-time PCR and quantitative immunohistochemistry studies demonstrated increased Bcrp mRNA and protein in cerebral microvessels at days 3-14 following MCAO [143] . Mrp1 protein levels have been shown to be decreased immediately following MCAO [147] . In contrast, Mrp1 mRNA levels were increased at the BBB in rats subjected to hypoxia/reoxygenation stress, a component of ischemic stroke [77] .
Similarly, increased brain microvascular expression of Mrp2 and Mrp4 mRNA was observed in the setting of hypoxia/reoxygenation stress [77] . At present, there is little information regarding ABC transporter expression changes at the BBB following TBI. In one of the few reports that has studied this issue, Pop and colleagues observed long-term persistent decreases in microvascular P-gp expression following controlled cortical impact injury in postnatal day 17 Sprague-Dawley rats [148] . More recently, a study of brain biopsy tissue from patients with severe TBI showed a significant increase in Mrp1 at the BBB but no change in brain microvessel-associated P-gp levels [149] . Indeed, more detailed mechanistic studies (i.e., regulation by signaling pathways and trafficking) are required to rigorously assess the regulation, localization, and functional expression of ABC transporters in CNS diseases such as ischemic stroke and TBI. These studies are all the more critical given the knowledge that many opioids, which have been shown to be provide beneficial effects in the brain such as neuroprotection, are transport substrates for one or more ABC transport proteins.
Conclusions and Future Perspectives
The field of BBB biology, particularly the study of ABC transporters, has rapidly advanced over the past several years. For example, it is now well established that endogenous efflux transporters such as P-gp are dynamic in nature and can be modified by pathophysiological stimuli (i.e., pain, ischemic stroke, TBI) as well as by pharmacotherapy. These processes can involve rapid relocalization of P-gp to the plasma membrane from storage pools at the endothelial cell nucleus (i.e., trafficking) or activation of specific signaling pathways that can lead to enhancements in transporter functional activity at the BBB. In the context of pain, enhancement of BBB P-gp functional expression by trafficking events or by nuclear receptor pathways can undoubtedly lead to reduced CNS concentrations of opioids that are substrates for ABC transporters. To overcome increased P-gp levels, individuals are likely to respond by consuming higher and higher doses of prescribed or non-prescribed opioids. While this approach can restore analgesic effectiveness, the probability of adverse events and development of addiction and tolerance are also significantly enhanced. Clearly, trafficking events and/or activation of signaling pathways that regulate ABC transporters constitute a novel "BBB-centric" mechanism that has contributed to the current opioid epidemic in the United States.
The specific mechanisms that have been highlighted in this review (i.e., trafficking, nuclear receptor signaling) underscore the need for continued research on alternative strategies to treat pain that do not involve opioids. Some such strategies include, but are not limited to, cannabinoids [150, 151] , combinations of non-steroidal anti-inflammatory drugs [152] , GABA analogs such as pregabalin and gabapentin [153, 154] , nanoparticle-based delivery of opioid analgesic peptides [155] , physical therapy [156] , and green light treatment [157] . These approaches are increasing in popularity due to the reduced risk of clinically significant adverse drug events such as respiratory depression as well as decreased probability of drug-seeking behaviors. Despite these advancements, opioids remain medically warranted for many pain conditions and thus are unlikely to become completely absent from prescribed pain pharmacotherapy. This fact indicates a critical need for continued research on biological mechanisms that can modify the potential for opioid-associated adverse events and on new strategies to mitigate these clinically significant risks. While we have focused this review on two important mechanisms that can modulate ABC transporter functional expression at the BBB (i.e., trafficking, nuclear receptor signaling), we appreciate that there may be other "mechanistic triggers" for modulating transporters at the BBB. Future work will continue to describe such mechanisms and provide considerable insight on the role of ABC transporters in determining the CNS effects of substrate opioids. Ultimately, data derived from these studies will enable safer use of opioids as therapeutics as well as development of novel strategies to treat individuals who have abused or misused opioids with the understanding that the BBB plays a central role in opioid pharmacology.
